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Abstract
An experimental analysis of a Venturi shrouded hydro turbine for wave energy con-
version. The turbine is designed to meet the specific power requirements of a, Woods
Hole Oceanographic Institute offshore monitoring buoy using a unique gumby hose
mooring system. The buoy's mission is to monitor the Massachusetts Bay for Right
whale vocalizations. The turbine needed to convert a suitable amount of energy
without interfering with the buoy's overall survivability or mission readiness. The
turbine was a Babinsten impulse bi-directional turbine which used sea water as the
working fluid. Testing was conducted in a recirculating water tunnel, and two flow
visualization techniques were applied.
This was the first project in the MIT water tunnel since a major renovation and
upgrade., and thus included a large amount of equipment set up and performance
analysis. The turbine utilized a Venturi shaped shroud, with a maximum diameter of
25.4 cm contracting down to 10.0 cm diameter where the blades were located. Ulti-
mately PIV images revealed that the Venturi shroud was creating a large stagnation
region at, the turbine inlet. This stagnation region choked off flow through the tur-
bine, resulting in poor power production. Subsequent testing revealed that the shroud
without the turbine blades also produced a large stagnation region. casting doubt on
the concept of Venturi shrouded turbines in general. The device failed to meet the
requirements for the WHOI buoy and was not a suitable solution for converting the
buoy to energy self sufficiency.
Thesis Supervisor: Alexandra H. Techet
Title: Professor of Ocean and Mechanical Engineering
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1 Introduction
As the world comes to grips with the reality of a finite, dwindling supply of fossil fu-
els available for exploitation, the interest in alternative energy sources has increased
at a dramatic rate. Much of the interest has been driven by commercial entities
seeking technologies to replace commercial hydrocarbon fueled plants. As a commer-
cial solution, these technologies must have profit potential in addition green energy's
hallmarked emissions reductions and sustainability. Technologies currently under de-
velopment include wind, solar, nuclear and ocean energy conversion. The goal of each
of these technologies is to produce electricity in a sustainable and profitable manner
and eliminate civilizations dependence on fossil fuels.
A variety of energy extraction buoys have been proposed and in some cases con-
structed, but these have been geared almost entirely towards commercial energy pro-
duction 11]. These buoys have very little in common with the buoys this thesis is
centered on. Rather than being primarily navigational or research oriented, these
wave energy buoys have been purpose built to produce electricity for the commercial
electrical grid. As such, their physical size and electrical output requirements have
been quite large, and they have been judged from a profitability standpoint. In con-
trast, navigational and research buoys are much smaller and need not turn a profit
margin from energy production.
A more overlooked aspect of alternative energy technologies are their ability to
make an area energy self-sufficient. While the scales of energy independence can range
anywhere from a city to an ocean buoy, the fundamental advantage remains: energy
independence reduces costs. By producing the end product, in the location where it
will be consumned it is possible to avoid the costs of transporting energy, as well as the
inefficiencies that result from transmission. From a logical standpoint, ocean buoys
are a natural application for alternative eiergy devices. The )oxwer demaiids of a typ-
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ical offshore buoy are extremely low, replacing batteries is expensive and dangerous,
and the buoys themselves are in one of the most energy dense environments on the
planet. When a buoy is producing its own energy there is no need to transmit the
energy anywhere and the buoy can go longer without maintenance. The maintenance
of offshore buoys is extremely expensive, and much of the cost comes from replacing
batteries that simply need to be recharged. The U.S. Coast Guard alone spends over
one billion dollars each year on buoy maintenance, and much of that work is simply
to replace batteries [2]. These costs can be dramatically reduced by having the buoys
generate their own electrical power. Because most buoys are owned and maintained
by national or international governmental agencies, there has not been a significant
research effort into equipping these buoys with their own electrical generation ca-
pabilities. This situation is starting to change, as budget cut backs and rising fuel
costs have sparked an interest in reducing costs these agencies have begun to explore
technologies capable of making offshore buoys energy self-sufficient.
Because these extremely small scale energy extraction devices are in their infancy,
the research has bounced primarily between conceptualization and computational
analysis. Very few of these devices have actually been built and used in experiments.
The focus of this thesis was to build and test a device capable of providing 100 Watts
of electrical power to a whale monitoring buoy in the Massachusetts Bay. This was
to be a real world example of the feasibility of extremely small power production in
order to reduce operation and maintenance costs of the buoy. In sequential order, the
goals of this study were:
" Identify a device capable of providing 100 Watts of electrical power.
* Build the device.
" Perforim benchmiark testing in the Marine IIydrod ynamics Laboratory vater
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tunnel facility.
* Test the device in conditions simulating the buoy location in preparation for
buoy deployment.
Because this project was a specific, real world problem it was critical to produce a
device which would be an economically viable solution. The end objective of this
research was not to produce a computational model or a conceptual device, but
a serviceable device which could be deployed and used in the ocean. Due to the
practical nature of this project the primary grading criteria for the apparatus was to
be the power output.
11
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2 Background
2.1 Whale Buoys
2.1.1 Buoy Mission
This thesis was initiated in response to an inquiry by Woods Hole Oceanographic
Institution. The Institution was looking for a way to reduce the costs of operating a
series of buoys they were responsible for in the Massachusetts Bay. These buoys were
put in place in 2007 in a cooperative project between Woods Hole, Cornell University
and Excelerate Energy as part of a program to monitor the activity of Right whales
in the Massachusetts Bay [3). This program was mandated as a part. of Excelerate's
permit to operate an offshore liquid natural gas terminal. In order to reach the pro-
posed terminal, Excelerate Energy's LNG tankers had to travel through the NOAA
Stellwagen Bank National Marine Sanctuary. This sanctuary is a critical habitat for
North Atlantic Right whales, Eubalaena glacialis. which were hunted nearly to ex-
tinction. Right whale populations have been extremely slow to recover from whaling,
and the species is currently on the Endangered Species List {4].
Ship whale collisions have been identified as one of the largest threats to Right
whales, so when whales are in the area Excelcrate's ships are notified to slow down and
post lookouts to avoid collisions. This information has recently been made available
to the general public in the form of an iPad and iPhone application 15]. Studies have
shown that the acceleration a whale experiences during a ship collision is directly
proportional to the velocity of the ship at the time of impact., Figure 2.1 16]. In
addition to reducing the impact force. slowing the ship down increases the odds
that a. whale can be safely passed without a fatal collision. due to the increased
maneuvering time to avoid a sighted whale. Figure 2.2 shows the expected outcome
for a whale being wit hiini a cerlain distance of a ship, highlighting tfhe importance of
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collision avoidance in the first place. This increase in maneuvering time is particularly
important for the liquid natural gas tankers that Excelerate uses because these are
extremely large ships, up to 290 m long [7].
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Figure 2.1: Acceleration experienced by a whale during a collision with a ship. Be-
cause the mass of the whale is constant, the force of the impact scales directly with
the peak acceleration [6].
In order to accomplish this mission the buoys had to be constructed in a specific
mainner. Each buoy has a set of hydrophiones and satellite transmitters. Sound data
is relayed in real time back to land based monitoring stations which analyze the
signals, looking specifically for the vocalizations shown in Figure 1. When Right
whale v ocalizationis are detected. the system transmits a radio broadcast the the
Excelerate Energy ships in the area. notifying them of the whale activity. This real
time data transm-ission posed several design challenges for the buoy construction1.
In order to achieve audio recordings with enough fidelity to positively identify the
vocalizations of Right whales it was necessary that the hydrophones remain as still as
possible in[lhe wvater. Any excess miovieent creates vibrations which the hydrophones
14
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Figure 2.2: Results from a study analyzing the likelyhood of a Right whale surviving
a ship collision based on how close the whale was to the ship. Whale models were
passed by ship models at each of the labeled locations A-G 161.
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interpret as noise, masking the presence of nearby whales. The traditional mooring
solution would be to use a submerged steel ball buoy with positive buoyancy, moored
a safe distance below the surface to avoid ship collisions.
Unfortunately, in order to have real time communication with the shore it was
necessary that the buoy have a surface component for signal broadcasting. In the
Massachusetts Bay extreme weather conditions can occur, with recorded wave heights
exceeding ten meters on a fairly regular basis. Traditional chain moorings from the
ocean floor to the surface component were not feasible because the clinking of the
chain would mask the sounds of the whales.
Ultimately, it was decided that the buoys should be a multi-part system, with
chains holding a submerged buoyant steel ball, hydrophones on the ball, and Woods
Hole's experimental gumby hose mooring connecting the submerged ball to the surface
unit, shown in Figure 2.3. The flotation sphere has excess buoyancy that causes it
to remain relatively stationary, enabling the hydrophones to listen for whale sounds
without having excess noise due to motion.
2.1.2 Gumby Hose
The gumby hose mooring system was devised by Woods Hole, and relies on hoses
made out of rubber. These hoses are reinforced with nylon tire cords or Kevlar, and
are capable of stretching over 130% of their original length without breaking, Figure
2.4 [9].
The extreme deformations these hoses are capable of means they were capable of
absorbing the motion of the surface buoy relative to the underwater sphere. Typical
chain moorings rely on excess chains and the catenary action of the chain lifting
to hold buoys in place. so these hoses clearly represent a radical departure from
the norm. The lack of imoviing parts mneant there was no excessive noise production.
16
Figure 2.3: Diagram of a whale buoy mooring [3].
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Figure 2.4: Gumby hose performance under tensile loading.
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Figure 2.5: Mean tension and horizontal offset of a buoy relative to the anchor during
the first 36 days of deployment. Notice the change in permanent stretch and spring
constant [10].
enabling the hydrophones to accomplish their fundamental mission of whale detection.
Additionally, the fact that the buoy motion was confined to the hose elements became
a driving force during the design concept phase of this thesis.
The elastic stretch of the gumby cables deployed in ocean moorings is not only to
wave motion the hose also stretches due to current loadings. Positional monitoring
of the hose in the first few days of deployment showed that in the first few days the
hose experiences a 30% permanent stretch, shown in Figure 2.5. This stretch sets in
over about five days, and causes a significant decrease in mean mooring tension, as
the rubber becomes permanently deformed from the loads. This variable tension and
variable spring constant performance were design considerations that had significant
influence on design selection.
2.1.3 Buoy Operation
Due to the offshore location of the buoys and the power requirements of detection
and transmission, the buoys cannot be connected to shore power, rather they must
18
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Figure 2.6: Results from a solar powered monitoring buoy at high latitude, with
solar power production in red, compared to power demand in blue. The consistent
differential caused the batteries to drain out, necessitating replacement [11].
store or produce the energy they need onboard. This is done with batteries which
must be changed out up to four times a year. In an effort to reduce costs, Woods
Hole proposed researching a solution to equip the buoys with their own power gener-
ation equipment. Woods Hole and other entities responsible for buoy operation and
maintenance have been interested in developing these technologies for some time, and
have already explored a variety of devices.
Solar panels have been particularly popular additions, but their overall perfor-
mance has been disappointing. At high latitudes the panels are incapable of keeping
up with demand, Figure 2.6 [11]. The shortened days and inclement weather limit
the production capability, and strong conditions can damage or destroy the panels.
Additionally, the panels themselves have become targets for theft and vandalism [12].
Small wind turbines have also been plagued by the theft problem, so Woods Hole was
looking for a solution independent of these energy sources.
2.1.4 Buoy Requirements
Woods Hole had the following series of requirements for their desired solution:
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o Produce 100 Watts continuous, to keep the batteries charged.
" Subsurface, to prevent theft.
* Compatible with existing gumby hose mooring.
" Quiet, so whale detection would not be impacted.
" Robust enough to survive 10 meter waves.
2.2 Ocean Energy Conversion
2.2.1 Available Energy Sources
Aside from wind and solar power, there are four remaining energy sources at an
offshore buoy location. The first is thermal energy conversion [1], which requires
extremely deep water and massive structures, making it a non factor for this project.
The next two are tidal energy conversion. There are two basic types of tidal energy
conversion, hydro kinetic energy extraction and hydrostatic extraction. Hydrostatic
projects require large tidal barrages to block tidal flow and generate a head pressure
that is used to turn a turbine. In the open ocean this is impossible, but hydro kinetic
extraction is feasible. In regions with sufficiently large tidal flows tidal currents can
be quite strong, and extracting their energy is a relatively straightforward process.
The final energy source is wave energy.
Both hydro kinetic tidal energy and wave energy were theoretically plausible solu-
tions for this project, however there was a bias towards selecting a wave based device.
Hydro kinetic tidal power extraction places large horizontal loads on the mooring sys-
tem, which the moorings were not specifically designed to handle. Additionally, the
compliant nature of the mooring system permits a large degree of relative movement
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between components, which is difficult to incorporate into device design, because hy-
dro kinetic power extraction is most efficient if the device can maintain a constant
inflow angle. Finally, there was concern that the torque from a horizontal axis turbine
on a predominantly vertical mooring system may have caused binding issues within
the mooring. Therefore, it was determined that if enough power was available in the
local wave climate, waves were the preferred energy source in this application.
In order to determine the available wave energy, data was pulled off of the National
Oceanographic Data Buoy located in the Massachusetts Bay. Compiling the data
for 2009-2011 provided the plot shown in Figure 2.7 [13]. The spectral data is a
representation of the energy contained in the waves as a function of the angular
frequency of the local waves. The frequency under the highest point is the modal
frequency. From the first moment of the spectrum,
o S () dw (2.1)
it is possible to obtain the significant wave height, Ho
Ho = 4VM 0  (2.2)
The real world relevance of significant wave height is that it is the average of the
one-third highest waves past the buoy, and is the design wave height for a wave power
conversion device. By manipulating the units.,
T = 2(2.3)
the spectrum can be restored to the time domain. where it is possible to calculate
the energy flux, or power of the waves past the buoy as a function of buoy diameter.
£ - ± BA. pg2 H{Tb (2b
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Figure 2.7: Wave energy spectrum, Massachusetts Bay 2009-2011.
Due to the general location of the buoys it was assumed the buoys were in a deep
water condition., different energy equations would be required for intermediate depths.
An analysis of the wave data available on the Massachusetts Bay revealed that
the significant wave height in the bay is 1.25 meters with a dominant period of 9.1
seconds. This wave spectrum is favorable for wave energy conversion because on
average the available wave power at the buoy location is 1386 W/rm crest, width. The
whale monitoring buoys are 2 meters in diameter. so the wave power available to the
buoy is 2772 W. The design requirements only call for 100 W continuous, so it is clear
that there is sufficient wave energy in the area to accomplish this goal.
2.2.2 Energy Extraction Basics
Most wave energy studies have been focused on producing as much power as
possible in order to contribute commercially viable electricity to the national grid.
Therefore, the devices are typically designed to be at resonance with the design wave,
or they are self tunable to adjust to the wave climate as it changes [1]. Resonance
increases the excit ation of the device, enabling it to extract imiore energy thani a device
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that is properly damped. Once the device is excited, the real challenge begins, trying
to convert the random chaotic motion of the waves into useable electricity.
The traditional wave power generators for use with buoys are:
" Linear Inductors
" Protonic Devices
" Piezoelectrics
" Compressed/Accumulated Air
" Rotational Inductors
These generator types have all been tested or proposed in various forms, however the
application to the whale buoy project was not straight forward. Typically these wave
power devices produce their electricity on or above the surface in order to protect
the generators from contact. with the seawater, in addition to improving access for
maintenance and repair. In order to alleviate the theft concerns, this device needed to
operate below the waterline. This subsurface installation, combined with the gumby
hose mooring made this a completely novel project.
2.3 Design Selection
Once the electrical generators were identified it was necessary to narrow the list
down. Piezoelectrics were the first to be scratched off the list, because they have
not shown particularly good results in wave energy extraction. Tests on piezoelectric
generat ors have shown efficiencies as low as 3.24 x 10-13 [1. Piezoelectrics rely on
23
the production of electrical charge from pressure, normally from extremely stiff ma-
terials undergoing very small deflections, which does not interface very well with the
gumby hose and 130% elongation. The main advantage of piezoelectrics is the lack
of moving parts, which has the potential to reduce maintenance costs compared to
other generator types, but this advantage was insufficient for piezoelectrics to merit
serious consideration for this project.
Protonic generators were the next technology to be discarded. Protonic generators
rely on porous electrodes separating two cells of Hydrogen [1]. When the concentra-
tion of Hydrogen in each cell differs, Hydrogen molecules pass through the conductor,
depositing electrons on the conductors, creating a charge. Tests on protonic gener-
ators have shown reasonable efficiencies, in excess of 20% when combined with high
pressure magnification. The reason protonic generation was not used in this project
was due to the gumby hose. Protonic generators rely on rigid rods driving pistons in
order to create the pressure gradients necessary for generation. If the piston moved
freely enough that it could absorb all the motion before the gumby hose stretched
then under normal currents and permanent stretch the piston would be permanently
bottomed out. Stiffening the piston to prevent this problem would permit the hose
to absorb energy, decreasing the efficiency of the device. The final obstacle with this
device is that it could not sustain the 130% elongation the gumby hose is capable of,
necessitating some sort of hard stop being build into the system. The possibility of
an extremely large wave, as frequently occurs, damaging these stops and rendering
the device unusable was another reason not to use a protonic generator.
Compressed and accumulated air generators at first glance appeared to be the
perfect solution for this project. These devices are relatively established, with devices
having been tested for decades. In and active wave climate like the Massachusetts
Bay an oscillating water column driving a turbine seemed like an ideal solution.
Unfortunately, this type of device necessitates modifications to the existing buoy, as
24
well as a presence on the topside of the buoy, causing these devices to fail the design
criteria.
Linear induction generators were a very appealing solution to the design criteria.
Minimal moving parts, subsurface installation, and a strong history of usage were
all factors that indicated linear generators would be a good solution. Unfortunately,
the spring like nature of linear generators presented the same difficulties as protonic
generators when it came time to interface with the gumnbv hose. Selecting the proper
spring response was determined to be very difficult due to the variable nature of the
hose, and having the generator stretch before the hose would result in the generator
bottoming out and not producing power during most conditions. Moving the gener-
ator inside the buoy where these factors could be mitigated was again not possible
due to the constraints imposed by WHOI, so linear generators were eliminated from
consideration.
The generator style that was ultimately selected was a rotational generator. Ro-
tational generators have long been the staple of electrical generation. so converting
the motion into electricity promised to be a straightforward endeavor. Creating the
rotational movement could be easily done with a turbine. The deviation from the
normal application was that the power was to be produced on a pico scale relative to
typical power generation projects, and the working fluid was to be seawater.
The gumby hose was a key enabling factor in the selection of a rotational generator,
because of it's unique properties. Instead of forming a catenary, the gumuby hose
maintains a, more linear path from the flotation sphere up to the buoy. Figure 2.8.
The horizontal offset between the buoy an( the flotation sphere enabled a turbine
mounted on the hose to experience different water particle motions than the surface
buoy experienced. The difference in these particle motions provided the relative
motion needed to create flow through a turbine.
In order to deterinine the velocity of thIe gumiby hose th irough t he xvater, iWHOI's
2 5
Figure 2.8: Screen shot from the WHOI Cable program, showing the linearity of the
mooring. The larger dot on the mooring hose is the proposed turbine location.
custom computer program, WIHOI Cable, which analyzes the motion of a buoy moored
using their gumby cables was used. After inputting the design wave and the correct
buoy configuration, the program determined a static solution for zero wave conditions,
and then iteratively solved a dynamic solution that incorporated the design param-
eters. The program output velocity components for a node specified in between the
buoyant sphere and the surface buoy, shown as the dot in Figure 2.8. These velocities
components were then combined to give the relative velocity of the node through the
water, in Figure 2.9. From this time series the root mean square inflow velocity was
calculated to be 0.51 m/s, which became the design velocity for the turbine.
This velocity is low, but the density of water is high enough that a reasonably
sized turbine could still meet the design condition. Rearranging
1
Power - -pAv 3  (2.5)
2
in order to solve for area revealed that in every 0.73 m 2of water around the proposed
turbine location there was 100 W of power. Just because this power is present does
26
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Figure 2.9: Time plot of turbine inflow velocity. from WHOI Cable.
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Table 2: Continuity relationships for solving the problem shown in Figure 2.10 114].
not necessarily mean that it can be extracted and converted into useable energy. A
turbine installed at sea on a buoy essentially satisfies the boundary conditions used
in the standard Betz linear momentum solution to actuator disc theory. A graphical
representation of this problem is shown in Figure 2.10.
Using the continuity relationships in Table 2. applying Bernoulli
12
p + pu 2 + pgz - constant
2
(2.6)
and the conservation of moieiintun for a control volume
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Figure 2.10: One dimensional linear momentum actuator disc theory in an infinite
medium [141
fJJ (P)0 t + p (U -i) dS (2.7)
V
the solution to the linear momentum actuator disc theory reduces to
1 .(1+ca 4 )1P = Ta 2 u puA (1 a) = 2 pu AC) (2.8)
This equation reflects the power absorbed by the turbine as a function of Cp, the
coefficient of power. Maximizing Cp as a function of a 4 reveals that Cp is maximum
when Cp = g. Simply put. in an infinite stream the power that a perfect turbine
with no inefficiencies can absorb a maximum of 59.25% of the power in the flow.
Functionally the Betz limit for turbines in an infinite stream is analogous to the
Carnot efficiency in thermodynamics, an absolute maximum that is unattainable.
Experiments on tidal and wind turbines have shown that well designed turbines can
readily attain Cp = 37%, so this value was used to determine the size of the turbine.
Using the design requirement of 100 WV and Equation 2.8, it was determined that the
turbine must have a radius of 1.14 in to meet the desired power output.
The low flow velocity. combined with the low Cp of turbines in free stream envi-
ronmients required a turbine that was oii the upper limit for acceptable size. Com-
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pounding the problem was the fact that the design velocity was a root-mean-square
velocity, which did not take into account the direction of the motion. rather just the
absolute magnitude of the velocity. Because of the sinusoidal motion of the waves
is the source of the motion, it is known that the inflow velocity of the turbine will
be sinusoidal as well, and half of the time it will be flowing backwards through the
turbine.
In order to provide a time averaged 100 W, the turbine must be capable of pro-
viding 100 W regardless of flow direction, or must be capable of providing 200 W half
of the time. Because the turbine already has to be larger than ideal., the clear choice
was to use a bi-directional turbine. Bi-directional turbines are designed so that re-
gardless of the inflow direction they rotate in the same direction. The two main types
of bi-directional turbines are the Well's turbine and the Babinsten impulse turbine.
although other versions also exist [15].
2.4 Bi-Directional Turbines
Both the Well's and the Babinsten turbine were originally designed to use air as
the working fluid. Typically they are used as the turbines for oscillating water columns
[16]. Both designs rely on stators at each end of the turbine, which rectify the flow
before it enters the rotor. The rotor is spun by the rectified flow, which then exits by
flowing out through the backside stator. The Babinsten turbine was patented by I.A.
Babinsten in 1975, and it has been slightly more popular than the Well's turbine [17].
For this project. it was necessary to modify one design to successfully use seawater
as the working fluid.
Ultimately, it was determined that the Babinsten impulse turbine was the supe-
rior turbine to apply to this particular project. Wells turbines are more sensitive to
Reynolds number. and computational studies comparing the two turbine styles with
water as t he working fluid indicated that an impulse turbine would produce 22%7 more
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Figure 2.11: Model of a Wells turbine, showing both stators and the central rotor
[17].
rotational force and 94% less axial force than a Wells turbine in water 118, 17]. Also,
Wells turbines require active blade control to maximize performance, necessitating
more moving parts and creating more opportunities for turbine failure [19]. Opti-
mization studies for each turbine style indicated that the maximum efficiency would
be higher for an impulse turbine than for a Wells turbine, so the impulse turbine
became the design of choice 120].
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Figure 2.12: Model of a Babinsten impulse turbine, showing both stators and the
central rotor [17].
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3 Experimental Procedure
3.1 Experimental Facilities
The experimental testing of the turbine occurred in the MIT Marine Hydrody-
namics Laboratory recirculating water tunnel. The tunnel was built in the 1930's, and
contains approximately 23 m 3 of water. The tunnel has a digitally controlled impeller
capable of creating flow velocities from 0.5 to 10 m/s. The test section is a square steel
tube 1.2 m long and .5 m square, with removable windows that fit into the four sides
[21]. Different windows have beeii fitted with a variety of mounts, valves, and dy-
namometers over the years. The remaining windows are suitable for use with various
optical flow measurement devices., including Laser Doppler Velocimetry, LDV., and
Particle Image Velocimetry, PIV. These imaging systems are mounted on the Dantec
Lightweight Traverse. The traverse is digitally controlled by a lab computer, enabling
the measurement systems to be moved around with near perfect repeatability.
In order to test a model in the tunnel, it must fit within the test section without
excessively blocking the flow of the tunnel. Additionally, the test object must be
shorter than the section length if the flow is to be imaged on either the lip or down-
stream flows. A good rule of thumb is to have the models projected cross flow area
be no more than one third of the total cross flow area. This relationship is known as
the blockage ratio.
Model Projected Area
BR =(3.1)
Turmel Test Area
At high blockage ratios the results achieved in a tunnel test will not necessarily
correlate to results achieved in ai infinite medium because the walls restrict the
motion of the flow. This fact is easily demonstrated by considering the solution to
linear momentui actuator disc theory in a, parallel sided hibe. Instead of looking
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Figure 3.1: Dantec lightweight traverse.
like Equation 2.8, the solution for the power becomes
1 16(3.2)
P = -pAu 36(R = -pA12'CP (3.2)
2 27 R - 1 2
In this solution, when R -- 1. the tunnel walls get closer and closer to the turbine
and the power extracted becomes infinite, giving an infinite Cp 1141. Clearly infinite
power extraction is impossible, so care must be taken in experimental set up to size
models appropriately in relation to the testing facility. In order to achieve reliable.
scalable results in the MIT water tunnel, the maximum diameter of the turbine needed
to be less than 0.28 i. Furthermore, in order for up and down stream imaging around
the device, it needed to be less than 0.5 n long.
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Figure 3.2: Generic diagram of an impulse turbine.
3.2 Model Configuration
3.2.1 Blade Design
Once the decision was made to use an impulse turbine, there were still some pa-
rameters that needed to be narrowed down. As the schematic shows in Figure 3.2.
there are a number of variables when it comes to designing the blades 1221. The angles
and curvatures on the guide vanes and the rotors all influence how the turbine per-
forms. Additionally, impulse turbines must be shrouded in order to function properly,
so the optimization of the shroud is another factor that must be considered.
Optimization studies conducted on the number of guide vanes, the angle of guide
vanes, number of rotor blades, curvature of the guide vanes, and profile of the rotor
blades 123, 24]. The key dimensionless parameter for scaling an impulse turbine
appears to be the Reynolds nunber, Re., as defined in Equation 3.3., where u is the
peak inflow velocity and I is the chord length of the rotor blade. These studies have
shown that above R = 1.0 x 10 the peak efficiency of an impulse turbine stabilizes
Figure 3.3: Optimum impulse turbine blade configuration [23].
and is no longer affected by the Re 123].
Re /p (3.3)
y
The angle of the guide vanes plays a large role in determining the overall perfor-
mance of the turbine. In general., the shallower the angle on the inlet the better the
turbine performs., but at the same time., the shallower angles on the outlet decrease
performance. Because the turbine must operate bidirectionally the guide vanes on
each stator must be mirror images of each other., so it becomes a balancing act be-
tween the quality of the flow into the rotor and the ease with with the fluid can be
exhausted out the rear. Ultimately, the ideal blade configuration as determined by
prior research was determined to be the configuration shown in Figure 3.3 123]. With
this blade configuration it was expected that the turbine would produce a maximum
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Figure 3.4: Solid Works models of the stator, left, and rotor, right, used in testing.
Cp=0.33 [231.
Once the turbine design was decided, it was modeled in Solid Works, Figure 3.4.
The sides of the stator are shown transparently to make the guide vane geometry
visible. Both images clearly show the designed in accommodations for the generator.
The large recess in the center of the stator accommodated the generator, while the
small hole in the rotor had a threaded insert that enabled easy connection to the
generator shaft. The size of the generator was a driving factor in the design process
of the blade, because the hub diameter of the stators and rotor had to be large enough
to accounodate the presence of the generator. Because of this acconnodation it was
impractical to have a hub diameter smaller than 5.5 cm.
3.2.2 Shroud Design
Shrouds serve several purposes on hydro-turbines. One of the most, basic functions
of a shroud is to protect the blades of the turbine. Having a solid shroud around
the turbine protects from collisions with debris and fish. Shrouds also reduce the
leaking of fluid around the blade tip from the high pressure to the suction side of
the blade, improving turbine efficiency. Impulse turbines will not function properly
with out some sort of shroud around them to chaniel the flow through the blades.
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The shroud also functions to straighten out the flow, removing tangential velocities
and aligning the flow with the axis of rotation. Straightening the flow controls the
angles of attack., helping the turbine to operate much closer to the design condition
than would be possible without the shroud in place.
The shroud also offered an opportunity to improve the hydrodynamic performance
of the turbine. Tests on a uni-directional turbine have shown that having an expand-
ing shroud at the rear of a turbine improves the power production of the turbine by
creating a lower rear pressure for the wake to expand 125]. In addition to functioning
as diffusers of turbine exhaust, a number of start up companies have proposed using
venturi ducts around their turbines in order to improve the power performance of
their devices [26, 27]. These companies have both raised millions of dollars in start
up money. on the promise that their shrouded turbines can extract 3-4 times more
energy than a traditional turbine. One of these companies, Lunar Energy, includes
CFD images of their duct straightening and accelerating flow through the plane of
their turbine. Figure 3.5. From the Lunar Energy website:
"A venturi shaped duet which acts as an accelerator on tidal flows
which pass through the turbine and therefore increase the energy that
can be captured by blades of a given diameter."
Not to be out done. FloDesign's website claims their uni-directional turbine:
"is more effective because it channels the air/water through the turbine.
rather than forcing the fluid around it."
The principal of a Venturi tube is well established. Venturi tubes have long been used
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Figure 3.5: Corporate CFD showing a shroud improving flow through a turbine [26].
in pipes to increase the velocity of the flow through the narrower region. The solid
walls of the pipe force all the flow through the accelerated region, and the velocity
increase can be significant. Because of the low flow inlet velocity, a venturi shroud was
a natural choice for the turbine. The combination of increased velocity over the blades
and decreased backside pressure promised to help the turbine produce more power,
and seemed like the ideal method to overcome the low inlet velocity. Furthermore,
the research comparing the Wells turbine and the impulse turbine head to head used
a converging/diverging shroud for their simulations, so the applicability to this exact
scenario seemed well established [181.
After deciding to use a venturi style duct for the turbine, the next step was to size
and construct the shroud. The cross flow area of the tunnel is .25 M2 , far less than
the inlet area required for the full scale turbine to produce 100 W at the design inlet
velocity. Because of this, it was necessary to build a scale model for testing in the
tunnel. Reynolds scaling, Equation 3.3, was used to ensure that the model tests would
scale up accurately for a full size device. For the performance of the blades to be the
same, the Re of the blades must be the same. There were two ways to accomplish
this, either by scaling the size of the blades, or by ensuring the inflow velocity was
the same as the full size turbine. Because the blade geometry was complex, it was
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Figure 3.6: Solid Works model of the shroud, showing the contraction. The disconti-
nuities in the small diameter region are intentional to hold onto the outer hub of the
stators. The water had a smooth transition the entire way through the turbine.
easier to use the same size blades. Controlling the inflow velocity to match between
devices was possible as long as the contraction ratio,
CR = Inlet Area (3.4)
and the free stream velocity were held the same between the full scale prototype
and the model.
For ease of construction, the shroud was designed with a linear contraction, shown
in Figure 3.6. To enable up and down stream imaging within the tunnel's viewing
windows the entire shroud was 0.476 m long.
3.2.3 Model Construction
From the facility and generator restrictions, the final size of the turbine came down
to practicality and cost. Originally the shroud was to be machined out of a single
40
Figure 3.7: Side view of the fully assembled turbine, complete with mounting arm.
large piece of plastic, but this was quickly abandoned. Large solid plastic cylinders
are very expensive, and it did not make sense to incur this huge cost when what
was really desired was just a Venturi tube. Ultimately to save time and cost, the
decision was made to construct the turbine from PVC pipe, Figure 3.7, with large
funnels constricting the flow from the outer diameter down to the inner diameter.
Given the range of available pipe sizes and the size constraints previously stated, the
determination was made to use a 10" PVC pipe for the main body, funneled down to
4" PVC pipe at the inner diameter. Figure 3.8.
Using 10" PVC pipe for the outer shroud provided a BR = 0.203, which is on the
upper end of desirable model sizes for turbine testing. The expectation from using a
model this large relative to the testing facility is that the results would overpredict
the actual performance in an unbounded environment. The contraction region on
each end was 0.178 i long.
These dimensions provided a CR - 9. which was somewhat arbitraly chosen.
There are no published guidlines for chosing a contraction ratio, therefore the CR
in this study was driven by the other design restrictions rather than being a ratio
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Figure 3.8: Angled view of the turbine, showing the contraction from 10 inch PVC
down to 4 inch. The black paint helped reduce reflections during PIV, and the large
holes allowed the hollow body to free flood and drain rapidly.
that drove the design. The use of PVC pipe enabled the use of pipe fittings for
junctions, providing easy access to the interior of the turbine for maintenance and
troubleshooting, and it was sturdy enough to use as the mounting point for attachment
to a tunnel window. Figure 3.9.
The turbine stators and rotor were constructed using 3-D printing. This technique
provided strong ABS parts that were an exact match to the prescribed design with
minimal effort. Attempting to machine the blades out of solid stock would have been
extremely difficult due to the complex interior angles, and having an assembly made of
many small parts would have been a hindrance to testing. The turbine blades adhered
to the geometry specified in Figure 3.3. The span of the rotor blades was 0.02 m with
a hub diameter of 0.06 m. and there were 15 blades total. This outer diameter was
somewhat limited by the 3-D printer used. Printers have a maximum footprint part
which they can produce., while material cost and production time increase as a cubic
function of length. Therefore for 3-D printing it is desirable to make any part as small
as possible while still retaiiiing dimensional simiilitude to the full scale device.
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Figure 3.9: Shroud disassembled, showing easy access to rotor. Note the set screws
holding the stator in place, preventing the rotor from rubbing on the sides of the
channel.
The stators had the same hub diameter. with ten guide vanes each, and a solid
portion rim outside the vanes., Figure 3.10. This rim enabled the hub to be held
in proper alignment with the shroud chamber, eliminating shifting and friction. The
shroud funneled down to the inner diameter of the rim. so there were no discontinuities
to cause turbulence at the turbine inlets, Figure 3.11.
The rotor had a threaded insert installed in the center. which threaded onto the
tapped generator shaft., Figure 3.12. The direction of the rotor ensured that any rotor
motion would serve to tighten the rotor onto the shaft, as opposed to loosening it.
The threads on the shaft ended at a point such that the rotor could never tighten
down to the point of contacting the generator housing, eliminating potential losses.
3.3 Experimental Set Up
Given the interest in possibly deploying the turbine on their buoys, the experimen-
tal procedure was geared towards valilating that the t urbine performed as expected.
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Figure 3.10: 3-D print out of the stator bottom.
Figure 3.11: View down the contraction chamber with the stator in place.
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Figure 3.12: Generator threaded onto the rotor.
The first phase of testing was to be conducted in the MIT water tunnel, using the
tunnel's impeller to push water over the stationary turbine, Figure 3.13. Doing this
would enable the performance of the turbine to be benchmarked under steady flow
coming from each direction, verifying that there were no glaring flaws with the design.
After this, the intention was to build an apparatus to heave the turbine in a large
pool or tank simulating the real working environment of the turbine. The turbine
was mounted on an aluminum strut with an outer diameter of 1.5". This strut was
secured by the brass locking collar in the six axis force gauge window.
In order to measure the performance of the turbine, the electrical leads were
connected to a National Instruments data acquisition system, Figure 3.15. This
enabled real time digital acquisition and storage of the voltage data. Various resistive
loads were added to the circuit in order to establish the maximum instantaneous
power output of the turbine. The resistive load in the circuit altered the rotational
speed of the turbine. Because the Cp of the turbine changes across the range of tip
speed ratios. altering with the resistance in the circuit enabled the turbine to be held
in (lie ideal range of tip speeds, regardliess of the free stream velocity. In a simple DC
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Figure 3.13: Turbine mounted on six-axis force gauge in tunnel test section.
motor like the one used in this project. the voltage is a linear function of the rotational
velocity of the motor, Figure 3.14, so with a known rotor radius it is relatively simple
to maintain the ideal tip speed ratio.
The entire turbine assembly was mounted to the six axis force gauge. with the
intention of measuring the drag forces on the turbine to feed back into the WHOI
Cables program. With these forces in consideration the program could adjust the
solution for turbine velocity. This experimental feedback was intended to iteratively
reach a solution matching the conditions an actual turbine would experience during
a sea, trial.
Once experimentation began. it became clear that understanding the flow around
the turbine was critical to evaluating the performance of the turbine. Two different
flow imaging techniques were used, Laser Doppler Velocimetry (LDV)., and Particle
Image Velocimetry (PIV).
3.3.1 Laser Doppler Velocimetry
Laser Doppler Velocimetry was conducted with the Dantec FlowXplorer BSA F30.
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Open Circuit Voltage vs. Motor RPM
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Figure 3.14: Open circuit voltage of the generator at various notational speeds.
I
Figure 3.15: Labview digital voltage acquisition program.
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This unit uses two pairs of lasers that intersect a set distance from the focusing lens.
As particles pass through the intersection point the LDV measures the Doppler shift
of the reflected light and calculates the two directional velocity of the particle. The
system is capable of processing data at a hundreds of samples per second, but it failed
to meet expectations during this experiment.
Initial testing with the LDV showed very low or zero data rates at the interrogation
location, which happened to be about center line of the water tunnel. The original
assumption was that the tunnel was insufficiently seeded with particles, so a significant
seeding effort was undertaken. Dantec 5pm polyachrimide particles were used, at the
recommendation of Dantec. Particles were mixed into water in a small container,
using a kitchen mixer and dish soap to break the surface tension and increase particle
dispersion. These particles are neutrally buoyant, self attractant, and difficult to
handle. Due to the small size a surgical mask is required to prevent inhalation of the
particles. After seeding a large number of particles without data rates improving., the
LDV was run and particles were dumped directly upstream of the beam intersection
point.
This drastic measure still failed to elicit a spike in sample rate, so troubleshooting
began on the LDV. The first step was to adjust the traverse so the interrogation
point was closer to the tank wall. This adjustment did cause the sample rate to
increase. but the rates were still extremely low. Careful examination of the water
revealed that in addition to the yellow tinge caused by the rusting cast iron walls
of the tunnel., the water was visibly cloudy from the seeded particles. LDV systems
can be overwhelmed by small particles. which create noise in the signal and make
it (ifficult for the software to correctly identify a reflected particle. With the water
cloudy to the naked eye, it seemed that the reason the LDV was under-performing
was because the water was too dirty.
A two pronged attack was used to omibat the dirty tunnel water. The first
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step involved using Sodium Nitrate to help remove the yellow tinge from the water.
Secondly, the tunnel's filtration system was used to filter out particles. Unfortunately,
the tunnel's filtration system was in a serious state of disrepair. Even when operating
perfectly it takes several days for the system to filter the entire body of water stored
in the tunnel. The filter is a two stage system, a sand filter followed inline by a
canister filter. Their was no documentation of the sand filter being refreshed since
it was originally installed in 1982. The canister filter looks like it could be replaced.
but it is connected to a pipe that runs from the bottom of the canister up to the
top of the tunnel., where it drops back into the tunnel. There is no cutoff valve or
gravity drain off., so opening the canister filter will result in over 20 feet of 1 inch pipe
draining out through the open canister. The area surrounding the canister contains
multiple power lines and electrical fixtures, which made the prospect of water squirting
everywhere unacceptable. Essentially., the filtration system was in complete disrepair,
and would not be workable in a satisfactory timetable for this project. Nevertheless,
the filter was run for over a week continuously, and it did make a visible difference
in the clarity of the water. This downtiie enabled the LDV to be tested in a more
favorable environment to determine if the water or the laser unit itself was responsible
for the poor performance.
In order to test the LDV's performance under ideal conditions a side experiment
was arranged. An all glass fish tank was cleaned out and filled with clean tap water.
The LDV was set up to measure flow in the tank, and a kitchen mixer was suspended
over the tank to induce flow in the tank. The thickness of the tank glass is less thank
half that of the water tunnel windows, the water was clean. and the seeding could be
tightly controlled. Any problem with the LDV measuring in this environment would
mean the unit itself was the culprit. not, the tunnel's ancient filters.
The experimental procedure for benclunarking the LDV was as follows:
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Figure 3.16: Benchmark testing of the LDV system in a glass fish tank.
1. Measure at 1 cm intervals from the near side to the far side.
(a) Measure at each location for the lower of 90 seconds or 100 data points,
record the number of samples at each point.
2. Add a small quantity of Dantec LDV particles, then repeat step 1.
The results from this test revealed that as configured at the time the LDV was
not performing well. It was extremely sensitive to particle concentration. Too few
particles and there would never be any data points. Figure 3.16. Too may particles
and the beams would be overwhelmed as tank intrusion increased, causing data rates
to drop off to zero. Even the concentrations the LDV liked were not very promising,
data rates never exceeded 3 Hz. and beyond 10 cm of tank intrusion data rates
plummeted. Once the 10 cm intrusion cut off was determined and validated through
another round of trials, the use of the LDV was discontinued for this project. The
bottomn edge of thbe turbine was more than 10 cmi from the nearest tank window, and
the most important region for velocity data was the area from the turbine edge to
the turbine center-line. Once LDV was abandoned, PIV was used to image the flow.
3.3.2 Particle Image Velocimetry
PIV uses a laser sheet to illuminate particles in the flow. By pulsing the sheet and
a camera, PIV systems can compute velocity vectors for the entire viewing region,
instead of a single point like LDV. Pictures are taken in pairs at a very short time
interval. Taking batches of 20 or more pictures enables the system to compute a time
averaged image of the flow, smoothing out recurring features like vortices. The more
particles present in a flow the more data PIV can gather, so the tunnel's poor water
clarity was not a hindrance for this imaging technique.
The camera had a small field of view relative to the region of interest, so pictures
were taken in many locations and then stitched together as a post processing step.
Using the LaVision PIV system it only took a few hours to collect images around the
entire flow. Once the images were collected on the LaVision PIV system, Figure 3.17
left, they were transferred to another computer where they were post processed on a
newer version of DaVis. The PIV system used in this project is extremely old, so there
were compatibility issues between the various operating systems. Ultimately three
different computers running three different operating systems were used to produce
the final results, Figure 3.17 right.
The PIV data was collected using a New Wave Research Gemini PIV-15 laser fitted
with a light sheet optic. The laser was mounted on the traverse, with the sheet parallel
to the direction of flow. The sheet shined up through the bottom of the tank, while
the camera gathered images looking in through the side window, Figure 3.18. Images
were gathered with a LaVision Flow Master S2 camera mounted on an 80/20 extruded
aluminum attachment bolted onto the lightweight traverse. Having the camera and
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Figure 3.17: Raw PIV image left, fully processed PIV image right.
Figure 3.18: PIV camera mounted on the traverse.
the laser mounted to the traverse maintained a constant relationship between the two
elements, eliminating the need to recalibrate at each position, dramatically decreasing
the time it took to gather data.
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4 Results
4.1 Turbine Power Production
The power production of the turbine was computed by measuring the voltage
across a known resistor, then applying
SV2
PF= (4.1)R
to determine the instantaneous electrical power being produced. Power measurements
were made at six resistances and four flow velocities. Figure 4.1. The power results
seemed low, so an additional plot between the Cp and free stream velocity was also
produced, Figure 4.2. Using the previously determined correlation between voltage
and rotational velocity., the data was also plotted as a function of the non-dimensional
parameters tip speed ratio,
Blade Tip Velocity
Turbine Inlet Velocity
and coefficient of power, Cp, as presented in Figure 4.3. This is the traditional format
for turbine performance plots.
These results were orders of magnitude off from the expected results. This led to
a lot of troubleshooting with the apparatus. under the assumption that something
within the device must be malfunctioning. After this troubleshooting tests were
redone. but the results remained unchanged. Because of this. flow imaging techniques
were used in an effort to determine the source of the problems. The suspicion was
that a large stagnation region was forming in front of the turbine. limiting the flow
over the blades and diimiinislinig power production.
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Power Output vs. Free Stream Velocity
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Figure 4.1: Power output across a range of inflow velocities and resistive loads.
Cp vs Free Stream Velocity
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Figure 4.2: Cp as a function of free strearn velocity. Cp is extremely low. In open cir-
cuit conditions zero power is produced, as the turbine is operating under the runaway
condition.
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Figure 4.3: Cp versus tip speed ratio. The general shape is correct, but the values
for Cp and TSR are orders of magnitude smaller than expected.
4.2 PIV Results
4.2.1 Turbine Images
For PIV the turbine was connected to a 1.6 Q resistor, because that resistor had
shown the highest power levels in the original testing. Images were collected in 25
interrogation regions upstream, beside, and downstream of the turbine. 20 pairs of
images were collected in each region, and the results were stitched together to give a
clear picture of the flow. The interrogation plane was in the center-line of the turbine,
assuming radial symmetry this single plane was sufficient to describe the flow around
the entire turbine. The PIV results are shown in Figure 4.4, with the bulk flow coming
from the top of the image and flowing to the bottom. The colors on the vector field
indicate only the magnitude of the flow velocity, not the direction, which is indicated
by the directional vectors. The turbine center-line is all images is at x=237 mm.
Magnifying the stagnation point observed in the front of the shroud makes it
easier to see the directionality of the flow, Figure 4.5. As the vectors indicate, there
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Figure 4.4: Flow around the turbine. The region from between y=-260 to -715 with
x>100 is the shroud. The velocities recorded in this region are due to back scatter
off the PVC and are not true representations of the flow velocity. The tunnel free
stream velocity was 1.5 7.
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Figure 4.5: Close up of the upstream stagnation point on the turbine.
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Figure 4.6: Immediate downstream edge of turbine, showing the recirculation zone.
is significant x-direction velocity component in the stagnation point, as the water
rushes to the side and around the turbine instead of going through the shroud.
Looking at the downstream side of the turbine up close, it becomes apparent that
this is a strong recirculation zone, Figure 4.6 and Figure 4.7. Recirculation persists
in the entire region that could be imaged, and likely continued for some distance
downstream of the tunnel windows.
Cutting across the image at the upstream and downstream edge of the shroud
enabled the creation of velocity plots in an single plane, Figure 4.8 and Figure 4.9.
It is important to note that in these plots include only y-axis flow, where a negative
velocity corresponds to a velocity in the same direction as the bulk flow, while a
positive velocity indicates a velocity that opposes the bulk flow. This is due to the
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Figure 4.7: Full downstream view of turbine. Velocity vectors around y--260 are still
pointing directly up, indicating strong recirculation.
way the PIV system interpreted the global coordinate system and the particle motions.
These plots were then used to calculate the volumetric flow rate through the turbine
and the maximum velocity of the water inside the shroud. From the upstream cut it
was calculated that the volumetric flow rate through the turbine was 0.0116 3 and
SSthe maximum velocity across the turbine rotor was 2.31 rn.
4.2.2 Shroud Images
It was theorized that the turbine blades were choking the flow off, so another series
of images was gathered with the stators and rotor removed, leaving only the shroud.
The mounting position and free stream velocity remained the same as the tests with
the blades installed. The relevant plots are shown below in Figures 4.10, 4.11, 4.12
and 4.13.
The same technique was applied for determining the mass flow rate and maxi-
mum velocity in the shroud. The upstream cut is shown in Figure 4.14, and the
shroud exhaust cut is in Figure 4.15. From the upstream cut the volumetric flow rate
was calculated to be 0.0195 7, which means the maximum velocity acheived in the
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Figure 4.9: Velocity profile at y=-715 mm. The large scatter around the edge of the
turbine is due to the vortex shedding at the edge of the recirculation zone.
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Figure 4.10: Flow through the shroud with no turbine blades installed. Tunnel free
stream velocity with no shroud present was 1.5 r.
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Figure 4.11: Close up of the shroud inlet region.
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Figure 4.12: Close up of the region immediately downstream of the shroud.
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Figure 4.13: Full downstream flow from the shroud.
contracted region was 2.48 'n.
5 Discussion
The performance of the turbine was very disappointing. The power produced
was orders of magnitude less than the model was expected to produce, and scaling
up to the full size results it still fails to meet the requirements set forth by WHOI.
Determining the reasons for the disappointment became the driving motivation for
the project once it became clear that the turbine's performance was insufficient to
satisfy the design requirements. Three main questions arose from the results:
1. Why did the data differ from published studies?
2. Were the blades or the shroud the under-performing part?
3. Can this design be modified to work for the project?
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Figure 4.14: Velocity slice at the shroud inlet, y=-250 mm. For reference the nominal
tunnel free stream velocity was -1.5 4 on the
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Figure 4.15: Shroud trailing edge. Y=-750 mm., velocity profile. The slight exit jet is
visible from 0.2k x, 0.25.
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Area Considered Cp Percentage Difference
Outer Shroud Diameter 0.000327
Rotor Diameter 0.0021 542.20%
Rotor Blade Area 0.0033 909.17%
Table 3: Dependency of Cp on area considered.
The first reason for the disappointment has to do with the way previous projects
have tested their designs, and the way they presented the data. In many publications
of bi-directional turbine studies, the turbine has been tested in a fully constrained
environment, where the flow had no choice but to go through the apparatus [22, 24,
23. 19. 28, 29, 30, 15., 31, 18. 32]. In a few instances this experimental set up decision
was justified, as it directly related to the proposed application, but this was not
always the case. Several of these projects had a proposed application that involved
the turbine operating in an infinite medium, which dramatically alters the results.
Another source of the departure from published results is a lack of consistency
in the calculation of published values. The single most useful parameter by which
turbines canl be compared is Cp, yet there is no consistency in how this is calculated.
Some papers calculate the Cp using the turbine inlet velocity, while some use the
free stream velocity. To add to the confusion, some papers report the area of the
turbine as being only the blade area as opposed to the entire projected area of the
turbine. The impact of these variations in calculation technique can be seen in Table
3. These three Cp's were all calculated from the exact same measured turbine power
and free stream inflow velocity, the only difference was the area considered. There
is an order of magnitude difference between the most conservative technique and the
most generous, yet both are calculated from techniques found in published papers.
The conservative technique, which considers the entire projected area of the tur-
bhine is the correct technique 125]. There are a few reasons for this, but they all have
to do with the physical size of the turbiue. The purpose of these shrouds is to in-
t ercept flow aid direct it over the blades. Looking at only a small portion of this
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modified flow is not fully accurate, specifically because it is normally used to support
an argument that a "smaller" turbine can produce the same power as a larger turbine,
while hiding the fact that the measurements compared are not what the flow actually
sees. The drag forces, structural considerations, transportation issues and installa-
tion efforts all scale with the maximum projected area, not with the swept area of
the blades.
Despite the disparities in computational technique, Table 3 reveals that no matter
how generous the assessment the turbine still failed to perform as well as the devices
in other studies. A portion of this disparity can be attributed to the fact that the
turbine's performance was being rated relative to the free stream velocity. The reasons
for the free stream providing the reference point are the same as the reasons for
referencing things to the total projected area of the turbine. In order to provide
the clearest results that are easiest to compare between turbines it is necessary to
compare their performance in the free stream. Table 4 shows how the data can be
skewed if the actual velocity into the turbine shroud is the only consideration used.
The TSR is tilted towards more positive results even though the actual measured
performance of the turbine did not change. Once again this change is a massive.,
orders of magnitude level change, despite the turbine's measured performance not
changing at all. This change occurs because the analysis does not take into account
any change in the velocity inside the shroud. whereas the entire purpose behind a
Venturi shaped shroud is to accelerate the flow. Referencing things to an extremely
low average inlet velocity is not indicative of the global problem and is not a useful
comparison between types of turbines, as they will all have varying inlet velocities
despite operating in identical free streams.
When both of these errors are made simultaneously, the overall effect on the Cp is
enormous. The Cp becomes so bloated that it not only exceeds the Betz limit, but it
also exceeds 1(0% efficiency., essentially becoming a perpetual imot ion machine. Table
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Resistive Load (ohms) TSR TSR Modified
0.6 0.0323 2.32
1.2 0.0511 3.67
1.6 0.0592 4.24
4.8 0.0834 5.98
178.6 0.105 7.52
Open Circuit 0.105 7.52
Table 4: Results at a free stream velocity of 1.5 "n showing the difference between
calculations based on the free stream and those based on the velocity at the actual
turbine blades.
Area Considered Cp Cp Modified
Outer Shroud Diameter 0.000327 0.099
Rotor Diameter 0.0021 0.6406
Rotor Blade Area 0.0033 1.0033
Table 5: Impact of using turbine inlet velocity and reduced areas on Cp.
5. Obviously this turbine is not a perpetual motion machine, however sloppy data
processing enables it to look like it is. The dramatic disparity between the methods
of calculating Cp are a significant problem when it comes to comparing various bi-
directional and micro hydro turbine designs. The only accurate way to calculate these
values is using the maximum projected area. of the device and the free stream velocity
at the site if there were no apparatus present, every other technique provides inflated
results which overstate production and mislead the reader as to the true performance
the device can produce.
When the data is properly processed for this turbine, it underperformed by a
significant amount. In order to determine the cause of this under-performance. the
blades were removed and the shroud itself was tested. The results of these trials are
shown in Figure 4.10, and they are fairly conclusive. Even without the blades in place.
the shroud still creates a large stagnation region at the mouth. The water exiting in
the jet created by the shroud is moving slightly slower than the water that simply
went, around the turbine. The volumetric flow rate through the shroud was 0.0195
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whereas the same are in the freestream environment experiences a flow rate of
7n30.0760 S. The shroud alone was responsible for a 74% reduction in the flow rate
through the projected area of the turbine. Additionally. the presence of the shroud
reduced the water power flowing through the region from 152.0 W to 9.74 W, a 93.6%
reduction in the available power flowing through the turbine area. In an application
where the turbine's performance was already hampered by an oscillating, low velocity
inflow, the shroud which was supposed to increase performance by 300-400% actually
cut performance by 93.6% [27. 26].
The dramatic negative impact of the shroud was not expected, up until the images
were processed it was assumed that the blade design was the source of the poor
performance. While the blades certainly did not live up to expectations, it was clear
that no blades were capable of producing satisfactory results in the existing shroud.
The exact reason for the shroud's performance is not completely clear. It is possible
that the CR was too extreme, or that the contraction simply needed to occur more
gradually. The PIV results on the upstream region were very consistent, making it
seem unlikely that the shroud is generating performance robbing turbulence in the
inflow region.
There was no clear cut way to modify this design to function acceptably for this
project. Ultimately the performance was so poor that it was not worth investigating
the acoustic signature of the device, therefor it is unknown whether or not this device
is accoustically compatible with the whale buoy mission. The noise production of this
turbine was irrelevant because the power production was so low there was no danger
of this turbine design ever being deployed on a whale monitoring buoy.
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6 Conclusions
The Venturi shrouded impulse bi-directional hydro turbine model investigated in
this thesis was incapable of satisfying the entire set of objectives laid out by WHOI.
Power production even in an ideal environment was insufficient to meet the require-
ments of the whale monitoring buoy. The primary difficulty in satisfying these de-
mands was the requirement that the apparatus be completely sub-surface with no
modifications to the existing buoy, as this requirement was the the one which drove
the selection of a bi-directional hydro turbine. The low average velocity of the hose
through the water means there is a low energy density around the hose, despite an
energy dense surface environment.
The Dantee FlowXplorer LDV system in its current configuration is incapable of
making measurements in MIT recirculating water tunnel. The system is currently
unable to make measurements at flow intrusions greater than 10 cm. Further exacer-
bating this situation is the condition of the tunnel itself. The rusting cast iron walls
create a constant supply of tunnel debris that overwhelms the LDV. and the filtration
systei is incapable of keeping up with the rusting.
Particle image velocimetry is currently the most reliable flow measurement tech-
nique for use in the MIT water tunnel. The rust particles in the water give higher
data densities. enabling higher resolution vector fields to be computed. Mounting the
laser and camera on the traverse makes it possible to image the entire tunnel without
recalibrating. simply by entering new coordinates into the traverse controller. The
full field measurements returned by PIV are also more useful for imaging around a
large object like a turbline than the point measurements provided by an LDV system.
The Venturi shrouded turbine design investigated in this thesis was a complete
failure. Instead of accelerating the water over the blades the shroud acted to slow the
water iownl. destroying any possibility of adequate power production. The shroud
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produced a large stagnation area which was clearly visible using PIV techniques. The
poor performance of the shroud prevented flow from reaching the turbine blades,
causing the device to fail at meeting the design goals. It appears that the companies
promoting these designs are using inflated numbers more as a marketing tool to attract
investors than an actual scientific representation of their device.
The blades themselves appear to have underperformed expectations, however it
is difficult to say this with any certainty. The other studies conducted on impulse
turbine blades were constrained very differently, as the entire flow was forced over
the blades. This boundary constraint grossly inflates the apparent performance of
the blades. The inconsistency in calculating and reporting results from other studies
makes it extremely unclear how this type of turbine might be expected to perform
in a different experimental setting. Other studies also focussed on air as the working
fluid. Despit the Re similitude between the tests it is possible that the difference in
working fluid is responsible for part of the disparity between published results and
the experimentally obtained results.
6.1 Future Work
In order for WHOI's whale monitoring buoys to become energy self sufficient more
work needs to be done on the original design of the buoy. Given the energetic wave
environment it should be possible to design an entirely new surface buoy which has
an integrated power production system incorporated internally, where it is safe from
theft and is able to use air as the working fluid instead of water.
If bi-directional shrouded hydroturbines are going to be successfully implemented
on offshore buoys. the following parameters need to be better explored and defined:
* Effect of contraction ratio on t urbine performance.
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o Effects due to the length of the contraction region.
* Optimized blade geometries for impulse hydro turbines.
Without fully exploring these options it is impossible to say with certainty that the
shrouded bi-directional hydro turbine is incapable of producing power efficiently, de-
spite the fact that the device constructed in this project did not produce power
efficiently. Furthermore. it is unknown if this device is accoustically compatible with
the whale monitoring mission. If a more successful shroud or blade design is discov-
ered it is important to analyze the accoustic signature of the device to ensure that it
will not drown out the whale vocalizations.
In order for the Dantec LDV to be used effectively in the MIT water tunnel the
tunnel filtration system must be upgraded to a system capable of rapidly filtering
out particles down to 1 pm. Without this filtration system the LDV will never be
capable of making measurements to the midpoint of the tunnel. Even with a new
filter., it is unclear if the system has enough power to measure that far into the water.
Work is currently underway in conjunction with Dantec to troubleshoot the system,
if the issues cannot be resolved this way then the LDV system must be replaced or
the technique abandoned.
The LaVision PIV data acquisition and processing software needs to be updated.
With the upcoming release of another new Windows operating system it will become
even more difficult to effectively use software that can only run on older operating
systems.
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